Abstract-This paper presents a distributed methodology for controlling multi-zone Heating, Ventilation and AirConditioning (HVAC) systems and a fault accommodation scheme for reconfiguring the distributed controller in the presence of unknown sensor faults. The multi-zone HVAC system is modelled as a network of interconnected subsystems representing the temperature dynamics of the storage tank and the various building zones. The distributed control scheme for each subsystem is based on local measurements, as well as measurements from neighboring subsystems. In the presence of a sensor fault, an accommodation scheme is designed by adaptively estimating and compensating the effect of the sensor fault. The estimation of the local sensor fault is exploited not only by the local but also by neighboring controllers to reduce fault propagation effects resulting from the distributed control architecture. Under certain conditions, the closed-loop stability of the multi-zone HVAC system is analyzed in the presence of modeling uncertainty and measurement noise, under both healthy conditions and faulty sensor measurements. Simulation results are used to illustrate the proposed distributed sensor fault accommodation scheme.
I. INTRODUCTION
Residential and commercial buildings consume a huge amount of energy -almost half of the total energy consumed [1] . Proper monitoring of smart buildings is necessary for managing and optimizing energy consumption. To improve the capability for accurate monitoring, a large number of various types of sensors are placed in the building for lighting control, heating/cooling control, ventilation control, shutter control, and many more. However, sensors are vulnerable to faults. One of the most critical and essential components of a building with respect to both comfort and energy consumption is the Heating, Ventilation and AirConditioning (HVAC) system, which accounts for approximately 40% of the building's total energy consumption [1] . In the presence of sensor faults, this percentage can increase even more as a result of wasted energy.
HVAC systems are complex, nonlinear systems, comprised of interconnected subsystems (i.e., electromechanical equipment and building zones). Collecting measurements from multiple sensors can improve and optimize the operation of HVAC systems. Various control architectures have been proposed in order to improve energy efficiency in HVAC systems [2] - [4] , but only few of them take into account the disturbances produced by the physical interconnection of the underlying HVAC subsystems [5] , [6] . For example, in a distributed control scheme, sensor measurements are shared in the control network to obtain satisfactory tracking performance. However, if data from a sensor is communicated and used to control more than one subsystem of the HVAC system, a single sensor fault can affect multiple control decisions.
Besides fault detection and isolation (FDI) of sensor faults in nonlinear systems [7] , [8] , sensor fault accommodation in nonlinear systems has received significant attention [9] , [10] . The authors in [11] , [12] provide some interesting probabilistic and data-driven methodologies for sensor fault accommodation for HVAC systems. However, very few works have considered sensor fault accommodation in a distributed control architecture and analyzed rigorously the closed-loop stability properties of the overall HVAC system.
In previous work [13] - [15] , the authors have developed distributed fault diagnosis schemes for multi-zone HVAC systems. Using the outcome of the diagnosis process, the authors have designed a distributed fault tolerant control (FTC) scheme based on the use of virtual sensors [16] . Particularly, instead of adapting the nominal controller to the faulty sensors, adaptive estimation [17] and adaptive approximation [18] schemes are used to adapt the faulty sensors to the nominal controller (i.e. the nominal controller remains unchanged). The virtual sensor-based FTC schemes are effective when there is no available knowledge of, and access to the nominal control scheme. This however comes at the cost of increased computational complexity since nonlinear state estimation is required; as a result the stability analysis of the virtual sensor-based FTC scheme for nonlinear systems cannot be rigorously performed.
The objective and main contribution of this work is the design of a stable distributed sensor fault accommodation scheme for multi-zone HVAC systems for maintaining the desired temperature in the building zones and the electromechanical part under both healthy and faulty conditions. For each building zone and the electromechanical part, an adaptive nonlinear controller is designed to compensate the effects of the isolated sensor faults on the local control input. The adaptive law is activated when local faults are isolated, aiming at the estimation of the local sensor fault. Due to the distributed control architecture, where sensor measurements are shared between neighboring controllers, the local fault estimation is also provided to the neighboring controllers to reduce the effects of the sensor fault propagation. The control performance of the proposed distributed sensor fault accommodation scheme is investigated based on the stability analysis, first under healthy and then under faulty conditions. This paper is organized as follows: Section II presents the multi-zone HVAC system and describes the objective of this paper. Section III presents the design of the distributed feedback control scheme and its stability properties under healthy conditions. A distributed sensor fault accommodation scheme and its stability analysis are given in Section IV. A simulation example is given in Section V and some final conclusions are drawn in Section VI.
II. PROBLEM FORMULATION
The multi-zone HVAC system with N zones can be regarded as a network of N + 1 interconnected subsystems
, where Σ s represents the temperature dynamics of the storage tank and Σ (i) , i ∈ {1, . . . , N } represents the temperature dynamics of the i-th building zone. Based on the mathematical model of multi-zone HVAC systems presented in [14] , [19] , the subsystem Σ s can be expressed as
where the state T st represents the temperature of the water in the storage tank, and the local control input u st the controlled normalized energy in the heat pump. that describes the known exogenous inputs are described in [19] . Each subsystem Σ (i) , i ∈ N = {1, . . . , N } is physically interconnected with subsystems Σ s and Σ (j) , j ∈ K i , where K i is the set that contains the indices of zones connected with the i-th zone. The subsystem Σ (i) is described by
where
, T Ki denotes a column vector of length K i 1 , where each element corresponds to the state T zj of the neighboring subsystem Σ (j) , j ∈ K i . The variable r (i) (t) models the unknown system disturbances of the subsystem Σ (i) . The linear parameter A (i) , the nonlinear functions g (i) and h (i) that represent the local and interconnection dynamics of the Σ (i) , respectively and η (i) that describe the known exogenous inputs are described in [19] . 1 K i denotes the cardinality of the set K i
The system inputs u st and
where u c st and u c i are the controller outputs. Note that the saturation in (3) is an outcome of known physical constraints of the system, e.g. valves. The water temperature of Σ s (storage tank) is measured by the sensor S s , i.e.
where y s ∈ R is the sensor output, n s ∈ R is the measurement noise and f s ∈ R denotes a permanent bias sensor fault. The output of the sensor S (i) used to measure the air temperature of subsystem Σ (i) is expressed as
where y (i) ∈ R is the sensor output and n (i) ∈ R is the measurement noise. The signal f (i) ∈ R denotes a permanent bias sensor fault [20] .
The objective of this work is twofold. The first objective is to design a stable distributed feedback control scheme to track the desired temperatures of each subsystem, taking into account modeling uncertainty and measurement noise. In the presence of a sensor fault that has been isolated, the second objective is to design a distributed fault accommodation scheme to compensate the effects of sensor faults.
III. DISTRIBUTED FEEDBACK CONTROL DESIGN
This section presents a distributed feedback control scheme for multi-zone HVAC systems. The distributed feedback control scheme consists of N + 1 controllers (one controller for Σ s and N controllers for the N zones). Each controller can exchange control input and sensor data with its neighboring controllers. First, we consider the design of the control law for the temperature in the storage tank. Taking into account the bilinear structure of the subsystem Σ s (see (1)), a feedback linearization control law φ s for controlling the water temperature in the storage tank is designed as
where u c st is the controller's output, y s r is the differentiable reference signal for the state T st , y = [y (i) ∶ i ∈ {1, . . . , N }] is a vector comprised of the sensor signals from all zones of the HVAC system and ρ s > 0 is a design constant. Similarly, the feedback linearization control law φ (i) for controlling air temperature of the ith zone is designed as
where 
Due to space limit, the constant parameters A s , U st,max , p, C st , ∆T max , a sz , U i,max , for all i ∈ N are described in [19] .
Similarly, by applying (5) on (2), the tracking error dynamics of Σ (i) under healthy conditions are expressed bẏ
r is the tracking error of Σ (i) and v
contains the uncertain terms indicated by
with
), [19] . In the sequel, we assume that the uncertain terms v s (t) and v (i) (t) given by (6) and (7), respectively, which represent the modeling uncertainty and measurement noise, are all uniformly bounded. However, the bounds are not assumed to be known.
The following result presents the stability properties of the proposed distributed control scheme under healthy conditions.
Theorem 1: In the absence of any sensor fault the distributed control scheme of (4) guarantees that: 1) the tracking errors s (t), (i) (t) are uniformly bounded i.e., s (t) ∈ L ∞ , (i) (t) ∈ L ∞ , for all i = {1, . . . , N } 2) there exist constants λ s 1 , λ s 2 such that for any t ≥ 0,
Proof: To analyze the stability properties of the overall closed-loop system under healthy conditions the following candidate Lyapunov function V (t) is proposed, given by
The time derivative of V (t) is given bẏ
then V (t) will be decreasing and therefore the summation of the tracking errors i.e.,
will be also decreasing. Furthermore, by integrating (9) from τ = 0 to τ = t, we obtain
where λ Moreover, if the function v(t) is square integrable i.e., v(t) ∈ L 2 , then for all t → ∞ (all t in the absence of any
sensor fault) leads to V (t) ∈ L 2 and from (10) implies that
Then, according to Barbalat's Lemma,
Since the sum of the squares of the tracking errors converges to zero, this implies that each individual tracking error will also converge to zero. The above result shows that the overall closed-loop system is stable and the tracking errors for each subsystems
is approximately of the same order as the magnitude of the corresponding uncertainty term v(t). In the special case of no modelling uncertainty or measurement noise, i.e., v(t) = 0, implies that the tracking errors s , (1) , . . . , (N ) will converge to zero.
IV. DISTRIBUTED SENSOR FAULT ACCOMMODATION
In this section, we consider the design and analysis of a distributed fault accommodation scheme for a single sensor fault. The problem of designing fault detection and isolation algorithms is not considered here, since it has been investigated in previous works (for example [12] , [13] , [15] ). At the time that a single sensor fault is isolated, a local online adaptive law is activated to estimate the sensor fault. The estimation of the sensor fault is used by the local and neighboring controllers to compensate the effects resulting from the distributed control architecture. Taking into account the controller structure of (4), the following reconstruction of the distributed feedback control φ s is proposed, such as
where z s is the reconstructed sensor signal given by
where t s I is the isolation time of the sensor fault f s andf s is the estimation of f s . Similarly, taking into account the controller structure of (5), the following reconstruction of the distributed feedback control φ (i) is proposed, such as
is a vector consists of the reconstructed sensor signals of the neighboring subsystems and z (i) denotes the reconstructed sensor signal given by
where t
(i)
I is the isolation time of the sensor fault f (i) and f (i) is the estimation of f (i) . The design of the online adaptive law that estimates the sensor fault in S (i) is presented next. Due to page limitation the design of the online adaptive law for a single sensor fault in S s is not included, but it can be obtained following the same procedure. The online adaptive lawḟ (i) that estimates the magnitude of the local sensor fault f (i) is given bẏ f
is the output tracking error and γ (i) > 0 is the learning rate of the online adaptive law. P{.} denotes a projection operator given in (P1), which constrainŝ
I . Therefore, the projection operator guarrantees that the adaptive parameterf (i) will not drift [21] . Given that a sensor fault f (i) is isolated at t I (there are no other faults in the remainder zones or the storage tank), the tracking error dynamics of (i) in the presence of a local sensor fault f (i) is obtained by applying (5) to (2), i.e.,
is the fault estimation error and v
The following result presents the stability properties of the proposed distributed sensor fault accommodation scheme after the isolation of the sensor fault. For simplicity purposes we analyze the stability of the corresponding subsystem that contains the faulty sensor. The Lyapunov synthesis method is used to obtain the online adaptive law off (i) (see [21] ) and moreover, the boundedness of the tracking error (i) and fault estimationf (i) are examined. Note that the analysis of (i) for t
I (i.e. after sensor fault occurrence and before the sensor fault isolation) is not included. However, if the sensor faults remain bounded i.e. f s < ∞ and f (i) < ∞, the tracking errors will remain bounded as well.
Theorem 2: When the local sensor fault f (i) is isolated the distributed sensor fault accommodation scheme of (13)- (15) guarantees that: 1) the tracking error (i) (t) is uniformly bounded i.e., (i) (t) ∈ L ∞ = 25 o C. The 3-zone HVAC system is simulated for 1.5 hours with initial conditions T st (0) = 30 o C and T zi (0) = 20 o C, i ∈ {1, 2, 3}. The design parameters of the distributed sensor fault accommodation scheme are the controller gains and the learning rates of the online adaptive laws chosen as ρ s =6,
=14.87 and γ (i) =4, for i ∈ {1, 2, 3}. A permanent bias sensor fault is simulated with f (1) = 25%y
f = 0.6 hours. Based on Fig. 3 , we can observe that the sensor fault f
(1) at t
(1) f = 0.6 hours, affects both the local (i.e., u (1) ) and neighboring controllers (i.e., u (2) , u (3) ) because of the distributed feedback control architecture. Note that the effect of f (1) is not distinct in u (2) but its effect can be slightly noticed in the temperature response T z2 in Fig. 1 . As shown in Fig. 1 , the air temperatures T z1 , T z2 and T z3 are affected due to the distributed feedback control loop. The effect of sensor fault propagation is more noticeable in Σ (3) , since the dynamics of Σ (3) are strongly connected with Σ (1) due to door interconnection, while the deviation of the air temperature in Σ (2) is less intensive, since the dynamics of Σ (2) are weakly connected with Σ (1) due to wall interconnection. The preinstalled sensor fault diagnosis algorithm, isolates f
(1) at t (15), while the remainder adaptive laws in the controller of Σ (2) , Σ (3) are inactive (see Fig. 2 ). Furthermore, at the same time instant, t (1) I = 0.8 hours, the reconstructed sensor signal z (1) is modified according to (14) by using the fault estimationf (1) . Since the control laws φ (1) , φ (2) and φ (3) are reconfigured according to (13) , the temperatures T z1 , T z2 and T z3 begin to return close to their desired temperatures y 
VI. CONCLUSIONS
This paper illustrates the design of a distributed methodology for control and sensor fault accommodation in multizone HVAC systems. The distributed feedback control scheme is designed according to the physical connectivity of the HVAC subsystems. Each local controller allows exchange of control input data and sensor information between the neighboring controllers to reduce the disturbances resulting from the physical interconnections. Perceiving the location of the sensor fault, a local online fault estimation scheme is activated. The estimation of the sensor fault is used by the local and neighboring controllers to compensate both local and propagated effects. The stability for the distributed sensor fault accommodation scheme is examined in healthy and faulty conditions.
